Endothelial cells constitute an essential integrator of factors that effect blood vessel remodeling induced by chronic hypoxia. We hypothesized that vascular endothelial growth factor (VEGF) may participate in the lung response to acute and to chronic hypoxia. We found that ex vivo perfusion of isolated lungs under hypoxic conditions (when compared with normoxia) caused an increase in lung tissue mRNA of VEGF and of the VEGF receptors KDR/Flk and Flt. Chronic hypobaric hypoxia also increased lung tissue mRNA levels of VEGF, KDR/Flk, and Flt and the amount of VEGF protein. In situ hybridization studies demonstrated increased VEGF and KDR/flk hybridization signals in lungs from chronically hypoxic rats. Since endotoxin treatment of rats decreased lung VEGF mRNA, we postulated that nitric oxide (NO) or an NO-related metabolite might be involved in lung VEGF gene expression. Indeed, sodium nitroprusside, a NO donor, decreased and L-NAME (N-nitro-L-arginine methyl ester), an inhibitor of NO-synthesis, increased both VEGF and VEGF receptor transcripts. We conclude that VEGF in the isolated perfused lung acts as an early gene in response to hypoxia and that lung VEGF and VEGF receptor mRNA levels are influenced by hypoxia and NO-dependent mechanisms.
Introduction
Chronic hypoxia represents one of the stimuli that accounts for pulmonary vascular remodeling in chronic lung diseases. This remodeling process involves hypertrophy of the precapillary vascular smooth muscle cells, proliferation of endothelial cells and pericytes, and enhanced vascular permeability (1) (2) (3) . Since hypoxia per se does not cause hyperplasia of cultured pulmonary vascular smooth muscle cells, it is reasonable to assume that, in vivo, hypoxia and vascular cell growth factors act synergis-tically on growth and differentiation of pulmonary vascular cells (4) .
Endothelial cells have a central role in integrating signals that may affect pulmonary vessel structure and function. Increased shear stress, as seen during hypoxic vasoconstriction, results in endothelial cell expression of vascular cell growth factors, such as platelet derived growth factor (PDGF) or transforming growth factor (TGF-P3) or proinflammatory molecules like ICAM-1 (5).
Vascular endothelial cell growth factor (VEGF),' a peptide mitogen specific for endothelial cells (6) (7) (8) (9) (10) (11) (12) (13) (14) , is abundantly expressed in lung tissue, including pneumocytes and activated alveolar macrophages (8, 10) . Although the function of VEGF in normal tissue remains unknown, brain tumor cells, cancer cells, muscle myoblasts and fibroblasts upregulate VEGF expression under conditions of hypoxia (15) . Indeed, VEGF represents one of the main endothelial cell growth factors produced by malignant cells, and may be involved in endothelial cell proliferation observed in pulmonary vascular remodeling.
VEGF binds to two highly homologous tyrosine kinase receptors expressed exclusively by endothelial cells: the tyrosine kinase receptor KDR (or the murine homologue fetal liver kinase-flk) (16) (17) (18) , and the fins-like tyrosine kinase receptor Flt (19, 20) . Although VEGF binding to Flt triggers receptor autophosphorylation and Ca2" influx, Flt activation does not suffice to cause endothelial cell proliferation in both in vitro as well as in vivo models of tumor-mediated angiogenesis (21) . On the other hand, transfection with KDR/Flk causes cell proliferation, chemotaxis and actin rearrangement upon VEGF exposure of porcine endothelial cells (21) . Furthermore, mutant forms of Flk can abrogate VEGF induced signal transduction in vitro and can also reduce blood vessel proliferation in in vivo models of brain cancers (22 Northern blot studies. Total RNA was extracted from rat lung as described by Chomcynsky and Sacchi (25) , fractionated by formaldehyde gel electrophoresis, and transferred onto Nylon membranes (Schleicher and Schell, Keene, NH). 20 jig of total RNA were loaded per lane. The probes were prepared by random-priming labeling using
[32P]dCTP, 3000 Ci/nMol, 10 pCi, il (New England Nuclear). The mouse cDNA probe for /i-actin and the mouse glyceraldehyde phosphate dehydrogenase (GAPDH) cDNA probes were a gift from Dr. J. Fisher (University of Colorado Health Sciences Center). The 28 S ribosomal cDNA was used for correction of RNA loading. The VEGF human cDNA probe (687 bp) was provided by Irene Smith (Genentech, South San Francisco, CA). The human Flt cDNA was a 458-bp sac-I fragment subcloned from the 3-9 cDNA (gift from Dr. Masabumi Shibuya) (19) into the 4Z plasmid (Promega, Milwaukee, WI). The KDR cDNA was provided by Dr. Bruce Terman (16, 17) . Development of blots hybridized with the VEGF and VEGF receptor probes were performed for -8 h and 3 d, respectively and subsequently quantified by phosphorimaging and scanning densitometry.
In situ hybridization, VEGF mRNA, KDR mRNA, Fit mRNA. Slides with sections of rat lungs were vacuum-dried for 2 h for attachment of sections to Superfrost slides (Fisher Scientific Co., Pittsburgh, PA), followed by treatment with 0.2 N HCl for 20 min, washing in depc-PBS, proteinase K digestion at 10 Ag/ml at 370C for 20 min, fixation in 4% paraformaldehyde for 5 min, acetylation with ethanolamine with acetic-anhydrade (1:400 ratio) for 5 min. Blocking was performed in a premade solution containing 50% formamide (Hybridization cocktail, Ameresco, Solon, OH) for 2 h at room temperature.
VEGF transcripts were detected with the subclone rat-VEGF 2 (316 base pairs) cloned into a Bluescript KS+ vector (Stratagene, La Jolla, CA), kindly provided by Drs. G. Breier and W. Risau (11) . Sense and anti-sense cRNA probes for VEGF and KDR were labeled with digoxigenin-dUTP with the Genius IV kit as recommended by the manufacturer (Boehringer Mannheim, Indianapolis, IN). The probes were quantified by dot blot analysis using known concentrations of digoxigenin-labeled plasmid DNA as standard. The efficiency of labeling was further confirmed by agarose gel electrophoresis. Probes were used at a concentration of 25 ng/section.
Hybridization was performed overnight at 42°C. After extensive sequential washings in 2x, lx, and 0.5x SSC, the unhybridized probe was digested with ribonuclease (Promega, Madison, WI) in 0.5X SCC. The hybridization product was detected after incubation with a sheep anti-digoxigenin antibody (1/2000 dilution; Boehringer Mannheim, Indianapolis, IN) for 90 min followed by development in 4-tetrazolium chloride 4.5 /sg/ml and x-phosphate 3.5 Al for 4-12 h. ELISA for VEGF. Rat lungs (-1 g of tissue/lung) were homogenized in lysis buffer (0.1 M sodium carbonate pH 9.6, 0.1% NP-40, 1 AM leupeptin, 1 mM PMSF, and 10 Al/ml ethylenediaminetetraacetic acid from a saturated stock), followed by sonication (Fisher Sonic Desmembrator; Fischer Scientific). The homogenate was then cleared by centrifugation at 750 g, at 4°C for 6 min. The supernatant was stored at -20°C until assayed for VEGF protein levels. The experimental samples and recombinant VEGFI65 standards (R & D Systems, Inc., Minneapolis, MN) were diluted in Carbonate buffer and added in triplicate to Immulon IV 96-well plates (Dinatech, Chantilly, VA). The samples were incubated at 37°C for 8 h. Standards consisted of 2-fold dilutions of rVEGF165, starting at 25 ng/well to 390 pg/well. The samples were removed and the wells were briefly washed in washing buffer (PBS pH 7.4, 0.05% Tween 20). The wells were blocked with blocking buffer (washing buffer with 1% BSA) at 37°C for 4 h. After two brief washes, 10 IL of rabbit anti-VEGF antibody (kindly provided by Dr. Napoleone Ferrara, Genentech, CA) was added to each well for I h at 37°C. After washing twice, goat anti-rabbit peroxidase (Tago Inc., Burlingame, CA) was added for 1 h. O-phenylenediamine dihydrochloride was used as substrate and the optical density was determined at 490 nm on a Syva Microtrak spectrophotometer. The program Statview 512 was used to plot optical density averages. 
Results
In vivo studies CHRONIC HYPOXIA
[3H]Thymidine autoradiography. To determine which of the vascular cell types (endothelium, smooth muscle cells or fibroblasts) undergo proliferation during hypoxia-induced lung vascular remodeling, sections of rat lung from animals exposed for 28 d to hypobaric pressure/hypoxia were inspected for [3H]thymidine labeling and autoradiography. The remodeled, muscularized arteries demonstrated multiple endothelial cells with 3H-incorporation consistent with endothelial cell proliferation (Fig. 1) , while control lung vessels were characterized by rare cells with [3H]thymidine uptake. These results agreed with our earlier studies where differences of 3H-incorporation by pulmonary vascular cells under hypoxic conditions had been more precisely quantified (2) .
VEGF mRNA and VEGF protein. VEGF mRNA was abundantly present in control lungs, as described in prior studies (10) . At 28-32 days of hypoxic exposure, there was a two-to threefold increase in lung VEGF mRNA over controls. (Fig. 2) . We recognized that the levels of transcripts for the so-called housekeeping genes ,(-actin and GAPDH varied during hypoxia and thus could not be used for densitometric quantification of mRNA from chronically hypoxic lungs. This variability of the GAPDH gene expression in conditions of hypoxia has recently been recognized by others (26, 27) . Since the ribosomal RNA (rRNA) proved to be unchanged by hypoxia or hypobaric exposure, we elected to use 28 S rRNA as a reference. (Fig. 2) .
Comparison of normoxic and hypoxic lung tissue processed by in situ hybridization technique, using the VEGF antisense probe labeled with digoxigenin, showed an increase in the hybridization signal in alveolar, intraalveolar and bronchio-alveolar cells when compared with control lungs. The signal however was mostly concentrated in epithelial alveolar cells in both the experimental and the control group of animals. (Fig. 3) . VEGF protein measured in lung homogenates was likewise increased from day 3 up to day 32 of hypoxic exposure when compared with lungs of control rats (Fig. 4) .
VEGF receptor, KDRIFlk, and Flt mRNA. The VEGF function as a mitogen and as a permeability factor for endothelial cells relies on its interaction with tyrosine-kinase receptors. Northern blot technique and in situ hybridization were applied to assess changes induced by chronic hypoxia in lung tissue expression of VEGF receptor transcripts. Both KDR/Flk and Flt mRNA increased with prolonged d) exposure to hypobaric hypoxia (Fig. 3) . The increase of VEGF receptor expression by day 7 of hypoxia coincided with the first clear histological evidence of vascular remodeling as described in prior studies (28) . It was apparent that, by in situ hybridization, the KDR/ Flk and Flt gene expression was concentrated in the pre-capillary vessels and in intraseptal cells throughout the period of the chronic hypoxia (Fig. 5) . Alveolar macrophages, which did not stain in sections from control lungs, exhibited a weak hybridization signal for KDR/Flk transcripts in specimens from chronically hypoxic lungs.
Effect of endotoxin on VEGF transcripts. To put the effect of acute hypoxia in perspective, we examined the effect of a single intraperitoneal endotoxin injection on lung VEGF mRNA and found a time-dependent decrease in the abundance of VEGF transcripts in lungs from endotoxin-injected rats (Fig. 6) (Fig. 7) . These lungs were not subject to increased vascular shear stress since, in lungs perfused with a salt solution, hypoxic vasoconstriction is not maintained. Effect ofNO on VEGF Transcripts. Since endotoxin induces the synthesis of NO (29), we wondered whether the effect of endotoxin on lung VEGF gene expression could be related to NO. Isolated lungs were perfused and ventilated under normoxic or hypoxic conditions, and SNP or L-NAME was added to the perfusate. SNP (104 M) decreased VEGF and VEGF receptor mRNA levels in the isolated lungs (Fig. 7) , whereas L-NAME, a nitric oxide synthase inhibitor, increased VEGF mRNA expression (Fig. 8) .
Discussion
It has been appreciated for many years that chronic hypoxia leads to pulmonary hypertension and remodeling of pulmonary arteries (1-3, 30, 31) . Since the muscularization of the pulmonary precapillary vessels is a prominent feature in animal models of hypoxic pulmonary hypertension, traditionally hypoxic vasoconstriction and "work hypertrophy" of the constricted vascular smooth muscle cells have been used as concepts to explain the mechanism of vascular remodeling. However, evidence for vascular cell proliferation (as in Fig. 1 ) has been presented by many investigators (1, 30, 31) .
Recent data supports the concept that hypoxia-unaccompanied by shear stress -can alter the expression of genes encoding vascular cell growth and angiogenesis factors (32) . For example, activated protein kinase C (PKC) and activated PKC acting synergistically with added insulin-like growth factor stimulate proliferation of cultured pulmonary smooth cells (33) . Clearly, hypoxia increases VEGF mRNA in cultured tumor cells (15) , and angiogenesis associated with necrotic hypoxic foci in tumors and with wound healing may share certain aspects with the chronic hypoxia-induced lung vessel remodeling (14) . We recently reported increased VEGF transcripts in the lung from patients with primary (unexplained) pulmonary hypertension and localized both VEGF receptor transcripts and VEGF protein in the characteristic proliferated blood channels present in the plexiform lesions (34) . The major findings presented in this report are that the VEGF gene and also the genes encoding the VEGF receptors KDRIFlk and Flt were increasingly expressed during the development of pulmonary hypertension in rat lungs in the course of prolonged exposure to hypoxia. An important additional finding of our study is that VEGF mRNA in the lungs increased -.. The increased VEGF gene expression during chronic hypoxia correlated with the levels of VEGF protein. Our in situ hybridization studies using lungs from control rats and from rats after progressively longer hypoxia exposures confirm the studies by Monacci et al. (10) who reported abundant VEGF transcripts in rat alveolar epithelial cells. However, in our study, at 28-32 d of chronic hypoxia, the VEGF transcript expression was increased in alveolar cells and, albeit to lesser degree, also in vascular smooth muscle cells and alveolar macrophages.
Perhaps of greater importance for the role of VEGF in the pathophysiology of vascular remodeling is the fact that, during chronic hypoxia, there is a parallel and even greater upregulation in the expression of the KDR/Flk and Flt transcripts in lungs from animals exposed to hypoxia for up to 28-32 d. Notably, short-term exposure of isolated lungs to hypoxia also increased the Flt and KDR/Flk mRNA. Whereas it has been reported that hypoxia is a strong stimulator of VEGF gene expression in cultured cells, it is a novel observation that chronic hypoxia increases gene expression of VEGF receptors. Shear stress may account for the upregulation of the VEGF receptor genes in the in vivo chronic hypoxia experiments since both (Fig. 6 ). Our studies did not address whether endotoxin suppresses VEGF transcription or decreases "message stability." Since endotoxin is a powerful activator of NO synthesis (29), we hypothesized that endotoxin decreased lung tissue VEGF gene expression via induction of NO synthesis in the lung. In agreement with this hypothesis, we found that the NO donor SNP inhibited the hypoxia-induced upregulation of lung VEGF gene expression. Moreover, inhibition of NO synthesis by L-NAME during normoxic or hypoxic ventilation of isolated lungs, increased VEGF gene expression. Endogenously produced NO may modulate both the extent of hypoxic vasoconstriction (35, 36) and also the VEGF synthesis in the normal lung. Furthermore, during chronic hypoxia, endogenous lung NO production is likely increased (37) and, if so, during chronic hypoxia VEGF gene expression may be modulated (downregulated) by such a NO dependent mechanism.
The role, if any, that VEGF plays in chronic pulmonary hypertensive states is presently unclear. On theoretical grounds one might be attracted to the idea that VEGF, because of its permeability/angiogenesis and pro-inflammatory properties (12) and because of its specificity for endothelial cells, might be involved in acute lung vascular injury and in endothelial cell proliferation. In severe pulmonary hypertension in man, particularly in the unexplained form of primary pulmonary hypertension, there is evidence for vigorous endothelial cell proliferation in the so-called plexiform and intimal concentric proliferative lesions (38) . Both VEGF protein and transcripts are present in these lesions (34) . We wondered whether VEGF could play a role in the pulmonary vascular remodeling in the chronic hypoxia rat model. We treated rats with suramin during chronic hypoxic exposure since suramin has been shown to block the interaction of VEGF with its receptors (39) . Suramin decreased the degree of pulmonary hypertension and the development of right ventricular hypertrophy, without affecting lung VEGF mRNA and protein levels (40) . One possibility is that the suramin-induced reduction in pulmonary hypertension was associated with inhibition of the VEGF-receptor interaction. More specific therapeutic strategies (including the use of anti-VEGF antibodies) will be required to test this hypothesis more rigorously since suramin also blocks the actions of other growth factors such as PDGF and fibroblast growth factor (41, 42) .
In conclusion, both acute and chronic hypoxia increase lung tissue gene expression for VEGF and its receptors. Chronic hypoxia leads to increased synthesis (or decreased breakdown) of the VEGF protein. The fact that lung VEGF transcripts are increased after only 2 h of hypoxic challenge in isolated perfused lungs is consistent with the concept that VEGF behaves as an early gene. Its expression in the lung appears to be also under the control of NO or a NO-dependent metabolite. Whether VEGF and VEGF receptors are involved in the vascular remodeling associated with hypoxia-induced pulmonary hypertension remains to be seen.
